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1. Introduction 
It has been recognized that deep groundwater contains better properties than shallow groundwater, 
such as steady and sufficient yield and better water quality. Seiler and Lindner (1995) explained that 
deep groundwater has a longer flow path and residence time compared with shallow groundwater, 
because it is buried in deeper confined aquifers. This also suggests that once deep groundwater is 
contaminated, it creates a more severe environmental problem because it is more difficult to restore 
the water stored in deeper aquifers. 
Aquifer-scale interaction estimates are essential for groundwater resource management. However, 
limited research concerning the interaquifer recharge between shallow and deep aquifers exists. 
Seiler and Lindner (1995), and Wang (1995) emphasized that this recharge may occur even if there is 
aquitard or aquiclude existing between the shallow and deep aquifers. Problems occur if shallow 
groundwater, which is polluted and not suitable for drinking, recharges deep groundwater (Wang, 
1995). What is worse is that these two conditions now co-exist in a lot of countries, i.e., shallow 
groundwater pollution forces people to extract groundwater from a deep aquifer, and consequently, 
the shallow groundwater table rises above the deep groundwater head, which enhances the recharge 
between different aquifers.  
The assessment of the degree of deep groundwater exploitation in NCP showed that deep 
groundwater in most areas is being over-exploited (Shi et al., 2011). In the vicinity of Baoding (the 
biggest city in the Baiyangdian Lake Watershed; BLW), the deep groundwater head was found to be 
below the shallow groundwater table based on a geological investigation by Zhang and Fei, 2009. 
Under such conditions, there is a high possibility that interaquifer recharge from shallow aquifer to 
deep aquifer occurs.  
Groundwater isotopes combined with chemistry can produce a more reliable conceptual model of 
a groundwater flow system (e.g., Tsujimura et al., 2007; Chkirbene et al., 2009). In this study, the 
authors attempted to investigate the possibility and characteristics of the interaction between shallow 
and deep groundwater in the study area using major ions and stable isotopes with a view to 
sustainable groundwater resource management. 
 
2. Study area 
The BLW covers an area of ≈ 36,000 km2, between 38.16-40.07°N latitude and 113.66-116.12°E 
longitude (Juana et al., 2010; Figure 1), and has an urban population of over 12 million. Located in 
the northwest part of the NCP, the BLW is a typical alluvial fan where Baoding City, the largest city 
in this area with a population of over 8 million, and Baiyangdian Lake, the largest fresh lake of the 
NCP with area of 366 km2 (Figure 1) are located. The elevation inclines from northwest, the Taihang 
mountainous areas to southeast plain, with elevation ranging from around 2,808 m to 5.5~6.0 m at 
the bottom of Baiyangdian Lake, and the mountainous areas (above 100 m a.s.l.) occupy 
approximately 53% of this watershed (Figure 2).  
Hydrogeological conditions are represented in profile along A-A′ in the plain areas (See A-A′ in 
Figure 1). Due to the thickness of the first unconfined aquifer and strong hydraulic connection, the 
first and second aquifers are usually considered as one aquifer group (Chen et al., 2005). As a result, 
along the A-A’ profile near Baoding, the first aquifer group (Aquifer 1) includes aquifers of 
Holocene Qh and upper Pleistocene Qp3 with depth of 60~120 m. The second aquifer group 
(Aquifer 2) is the Middle Pleistocene Qp2 aquifer with depth of 120~360 m along A-A’ line. The 
third aquifer group (Aquifer 3) is the lower Pleistocene Qp1 aquifer. 
Regional shallow and deep groundwater levels have been compiled by Zhang and Fei (2009; 
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Figure1 Location and major geological formation of the study 
area 
Figure 2 Sampling locations (plain area only), topographic 
information and shallow and deep groundwater levels in 
the study area 
Section Line A-A’
City
Tanghe wastewater reservoir
Rivers
Reservoir and lake
Watershed area
Pluvial fan and internal terrace
Alluvial and flood fan
Alluvial and flood plain
Lake and depression
Channel zone
Baoding
Shijiazhuang
Dingzhou
Renqiu
Beijing
Fu River Tang River
LEGEND No color Mountain area ( ≥100m a.s.l. )    
Figure 2). The main 
flow direction of 
both shallow and 
deep groundwater is 
roughly from the 
north and south of 
the plain area 
towards Baiyangdian 
Lake. Especially, in 
the southeast area of 
Baoding, the deep 
groundwater 
hydraulic head began 
to fall below the 
shallow groundwater 
level, and then 
formed a deep 
groundwater 
depression cone 
region.  
 
3. Methods 
In total, 187 water samples from groundwater and surface water samples were collected from the 
field surveys in the BLW plain area during 2011 to 2013. The sample sites are mainly located around 
two cities, Baoding and Dingzhou, which are the two major cities in the study area (Figure 2). In 
particular, some surface water samples in Baoding area were collected along the Fu River and the 
Tang River (see Fu River and Tang River region in Figure 1), both of which are now used as sewage 
reservoir for waste water from Baoding. The well depth information was obtained from local 
villagers. Based on depth, 
elevation, and stratigraphic 
condition, groundwater 
samples were divided into 
three groups (Aquifer1, 
Aquifer 2, and Aquifer 3) 
according to the aquifer 
group they belong to.  
The water temperature, 
electrical conductivity and 
pH value of the water 
samples were measured in 
situ. The location of all 
sampling points was 
determined by a portable 
GPS meter. Each sample 
was placed and sealed in a 
100 mL polyethylene 
bottle and brought back for 
chemical and isotopic 
composition analysis in a 
laboratory of the 
University of Tsukuba. The 
δ18O and δD values are 
reported as per mill (‰) 
deviations from the 
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Figure 3 Relationship between and δ18O and δD values of surface water and groundwater 
in Baoding area (left) and Dingzhou area (right); (LMWL δD = 8.2 δ18O + 9.4) 
international standard Vienna Standard Mean Ocean Water (V-SMOW). The analytical errors were 
0.1‰ for δ18O and 1‰ for δD respectively. 
 
4. Results and discussion 
 
Hydrochemical processes revealed by Stable isotopes in Baoding and Dingzhou area 
 
In Baoding area, the stable isotopic composition in surface water presents heaviest value with 
ranging from -7.60‰ to -4.14‰ for δ18O and -56.35‰ to -40.11‰ for δD, and the slope of these 
samples is apparently lower than that of LMWL. This kind of enrichment is caused by isotopic 
fractionation during water evaporation (Figure 3; Craig et al., 1963). In this area, the stable isotopic 
compositions of groundwater samples in Aquifer 1, ranging from -10.09‰ to -4.42‰ for δ18O 
values and from -72.68‰ to -40.94‰ for δD values, are relatively higher than those in Aquifer 2 and 
Aquifer 3. Although the slope of water line of the Aquifer 1 samples (δD = 4.9δ18O - 20.0) is lower 
than that of LMWL, there are a set number of Aquifer 1 samples closed to the LMWL. Specifically, 
these, which are away from LMWL, are almost from surface water region (Figure 3). This suggests 
that groundwater samples of Aquifer 1 taken in surface water region are signally affected and 
recharged by surface water, and rest parts of Aquifer 1 samples are recharged directly by 
precipitation without intensive evaporation processes. 
The groundwater samples in Aquifer 2 and Aquifer 3 present light stable isotopic compositions 
with ranging from -11.08‰ to -8.20‰ for δ18O values and from -82.12‰ to -57.61‰ for δD values, 
and ranging from-10.59‰ to -9.68‰ for δ18O values and from -77.93‰ to -68.74‰ for δD values, 
respectively. In Baoding area, for the groundwater samples of Aquifer 2 taken outside of surface 
water region, part of these samples are mixing with the samples of Aquifer 1, and part of them show 
relatively low isotopic values which is closed to samples of Aquifer 3. This might be a strong 
evidence that can prove an interaction processes (interaquifer flows recharge) existing between 
shallow and deep aquifer. 
Similar to Baoding area, the surface water samples in Dingzhou area represent the heavy value of 
stable isotopic composition in this area, which also reflect the isotopic fractionation during water 
evaporation (Figure 3). The Aquifer 1 samples in this area shows a relatively high variation of stable 
isotopic compositions, ranging from -9.36‰ to -6.59‰ for δ18O values and from -67.09‰ to 
-54.15‰ for δD values. The water tendency line of these samples (δD = 5.8δ18O-13.2) shows a 
lower slope than that of LMWL, and these samples are not closed to the LMWL except one sample 
(DZ41). This suggests that groundwater in Aquifer 1 in Dingzhou area probably originates not from 
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Figure 4 Trilinear diagram of the surface water and groundwater samples in Baoding area 
(left) and Dingzhou area (right) 
present-day precipitation but from some water body which experienced strong evaporation processes. 
Similarly, the isotopic composition mixture of Aquifer 1 and Aquifer 2 here might imply another 
interaquifer flow processes between shallow and deep aquifers like what exists in Baoding area.  
 
Hydrochemical processes revealed by major ions in Baoding and Dingzhou area 
 
A trilinear diagram is shown in Figure 4 for the water samples of Baoding area. Corresponding to 
the results of stable isotopic compositions, groundwater in Aquifer 1 of Baoding area taken from 
surface water region is chemically different from other groundwater in this area. However, these 
samples did not either coincide to the surface water, although these samples are quite closed to 
surface water in stable isotopic compositions (Figure 3). This might suggest that these samples are 
being affected by both surface water and precipitation. However, due to the same reason, no strong 
connection relationship can be found among the samples taken in the north of Baoding city. On the 
other hand, rest part of Aquifer 1 groundwater, main taken outside of surface water region, is well 
mixing with groundwater from Aquifer 2, which can further confirm the possibility of interaquifer 
flow recharge process existing from shallow aquifer to deep aquifer in Baoding area. 
Figure 4 also shows a trilinear diagram for the water samples taken in Dingzhou area. It is clear 
that the groundwater samples of Aquifer 2 are not chemically similar to these of Aquifer 1, which 
shows a contrary result to stable isotopic compositions (Figure 3). As mentioned previously, a 
possible interaction relationship might exist between shallow and deep aquifer in Dingzhou area 
because of mixing of stable isotopic compositions in this area. Therefore, the chemical composition 
should be also closed each other if this process truly existed. However, the chemical results showed 
a contrary result, because few Aquifer 1 and Aquifer 2samples are mixing in the trilinear diagram. 
Basing on this fact, the interaquifer flows perhaps are not existing or at least not dominant in 
Dingzhou area. 
 
 
Interaction between shallow and deep groundwater 
 
Based on the stable isotope and geochemical composition results, the interaction between shallow 
and deep groundwater, specifically the interaquifer recharge processes from Aquifer 1 to Aquifer 2, 
can be found in the city region of Baoding (Figure 2). Stable isotope analyses showed that the 
groundwater in Aquifer 2 could be divided into two parts. One part represents light stable isotopic 
compositions and was close to Aquifer 3, and the other part was mixed with groundwater in Aquifer 
1 and showed relatively heavy isotopic compositions. Although the groundwater in both Aquifers 1 
and 2 of this region distributed along the LMWL, the variation in values suggested that they are 
recharged from precipitation infiltration at different elevations (Gat, 1980; Clark and Fritz, 1997). 
Therefore, such differentiation in the same aquifer can be explained by extra interaquifer recharge 
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Figure 6 Profile distribution of δ18O value in Baoding 
area revealed by previous studies (Zhang and Fei, 
2009) 
Figure 5 Profile distribution of Hexa Diagram and δ18O value in 
Baoding area (Line of equal-hydraulic head was compiled 
basing on geological investigation by Zhang and Fei (2009)) 
processes from a shallow 
aquifer. Not only the stable 
isotopic compositions, but 
also the geochemical results, 
show a mixing of Aquifer 1 
groundwater with Aquifer 2 
groundwater in the city 
region of Baoding (Figure 
4). The spatial distribution 
of the stiff-diagram and 
δ18O values along the A-A’ 
cross section for part of 
groundwater and surface 
water samples in Baoding is 
presented in Figure 5. The 
figure shows that the 
groundwater in Aquifer 2 
with a δ18O value ranging 
from -10‰ to -8.5‰ 
reaches at depth of over 
300m in the region between 
Baoding and Renqiu (Figure 
1) where the deep groundwater depression cone exists. However, according to a previous study by 
Zhang and Fei (2009), this numerical range (-10‰ ~ -8.5‰) only extended to about 150 m below 
the surface in this region in 2005 (Figure 6). Such changes could be solid evidence for the 
interaquifer recharge processes between the shallow and deep groundwater in this region.  
  Nevertheless, the aforementioned interaction between shallow and deep groundwater was not 
found in other areas, namely the reservoir region in Baoding and the whole Dingzhou area. In the 
reservoir region in Baoding there is no doubt that surface water influences the groundwater in 
Aquifer 1 based on the results of stable 
isotopic and geochemical 
compositions. However, the 
groundwater in this aquifer does not 
transfer these influences downward, 
because neither the isotopic results 
(Figure 3) or geochemical results 
(Figure 4) showed similarity between 
the groundwater in Aquifers 2 and 1. 
The situation is a little bit different in 
Dingzhou area, where the stable 
isotopic composition and geochemical 
composition showed inverse results 
(Figures 3 and 4). The former shows 
that groundwater in Aquifer 2 mixes 
with that in Aquifer 1, which implied 
an interaction between them, while the 
latter indicates that the groundwater in Aquifer 2 was chemically dissimilar to that of Aquifer 1. 
Therefore, interaction did not exist between these two aquifers. Similar characteristics in terms of 
stable isotope compositions could be explained by recharge resources with similar stable isotope 
characteristics.  
 
5. Conclusions 
As a crucially important water resource in the North China Plain, deep groundwater is now widely 
used but improper exploitation occurs within the study area. As seriously polluted shallow 
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groundwater has a high possibility of recharging deep aquifer, this study investigated the interaction 
between shallow and deep groundwater around Baoding City and Dingzhou City using major ions 
and stable isotopes. Under the assumption that deep wells are of reliably good quality and thus 
prevent leakage from shallow aquifers, the results clearly show the interaction relationship between 
different aquifers. The interaquifer recharge processes from Aquifer 1 (shallow aquifer) to Aquifer 2 
(deep aquifer) were confirmed to exist in the city region of Baoding, as the samples from Aquifer 2 
coincide with the samples from Aquifer 1, both chemically and isotopically. However, due to 
considerable differences between Aquifer 1 samples and Aquifer 2 samples from the reservoir region 
of Baoding area, a similar interaction is not supported. In Dingzhou area, although groundwater 
samples from Aquifer 2 showed similar stable isotopic characteristics as those of Aquifer 1, the 
differences in geochemical compositions suggest that an interaction between shallow and deep 
groundwater may not exist in this area. 
  Further work should focus on taking more water samples in the city region of Baoding area for 
analysis of stable isotopes and major ions. Based on sufficient water samples, the contribution ratio 
and amount of interaquifer recharge can be statistically calculated, which will provide important 
information for groundwater resources policy makers. 
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